Identifying factors that shape the spatial distribution of genetic variation is crucial to understanding many population-and landscape-level processes. In this study, we explore fine-scale spatial genetic structure in Oenothera harringtonii (Onagraceae), an insect-pollinated, gravity-dispersed herb endemic to the grasslands of south-central and southeastern Colorado, USA. We genotyped 315 individuals with 11 microsatellite markers and utilized a combination of spatial autocorrelation analyses and landscape genetic models to relate life history traits and landscape features to dispersal processes. Spatial genetic structure was consistent with theoretical expectations of isolation by distance, but this pattern was weak (Sp = 0.00374). Anisotropic analyses indicated that spatial genetic structure was markedly directional, in this case consistent with increased dispersal along prominent slopes. Landscape genetic models subsequently confirmed that spatial genetic variation was significantly influenced by local topographic heterogeneity, specifically that geographic distance, elevation and aspect were important predictors of spatial genetic structure. Among these variables, geographic distance was ~68% more important than elevation in describing spatial genetic variation, and elevation was ~42% more important than aspect after removing the effect of geographic distance. From these results, we infer a mechanism of hydrochorous seed dispersal along major drainages aided by seasonal monsoon rains. Our findings suggest that landscape features may shape microevolutionary processes at much finer spatial scales than typically considered, and stress the importance of considering how particular dispersal vectors are influenced by their environmental context.
The central goal of landscape genetics is to infer how details of geographic and environmental context influence spatial patterns in the distribution of genetic variation (Manel et al. 2003; Storfer et al. 2007 ). In the most basic sense, spatial genetic structure (SGS) arises when microevolutionary forces operate in a spatially nonrandom fashion, and may take multiple forms. Perhaps the most widespread and classic example of SGS is the pattern of isolation by distance (IBD; Wright 1943) , where genetic distance increases with the geographic distance between populations owing to the reduced likelihood of inter-population migration. At fine spatial scales, SGS is typically expressed as the inverse of this relationship, where genetic similarity is higher among spatially proximate individuals, and is generally attributed to spatial restrictions on the dispersal of individuals or their gametes within populations (Vekemans and Hardy 2004) . The presence and strength of fine-scale SGS expressed through IBD thus provides fundamental insight into a species' inherent dispersal affinities and may illuminate complex interactions between an organism and its environment.
Numerous studies have characterized fine-scale SGS in natural populations, typically using techniques related to spatial autocorrelation (van Heerwaarden et al. 2010) . Comparative analyses using these methods have since revealed that SGS in plants is shaped by numerous factors, including breeding system and growth form (Vekemans and Hardy 2004) , dispersal mechanism (Vekemans and Hardy 2004; Luna et al. 2005) , and differences in the relative distance of pollen and seed movement (Gehring and Delph 1999; Krauss et al. 2009 ). While yielding notable insights into plant dispersal processes, these studies have been limited by 2 obstacles. First, autocorrelation techniques assume directional symmetry and thus ignore factors that could impose directional patterns on dispersal, for example, prevailing winds or topography. Further, analyses based solely on spatial autocorrelation often allow only qualitative links to causal factors and cannot always distinguish between alternative explanations of the results (van Heerwaarden et al. 2010) .
The potential for directionally biased dispersal may be especially important for passively dispersed species growing in heterogeneous environments (Born et al. 2012) , highlighting the need to consider how spatially asymmetric processes influence SGS. Towards this end, recent studies have extended anisotropic spatial autocorrelation, originally developed to investigate directional clines in large-scale human genetic datasets (Falsetti and Sokal 1993) , to the analysis of fine-scale SGS in plants. This method has been used to examine potential anisotropic dispersal in wind-pollinated Quercus lobata (Fagaceae), but did not find significant directional patterns (Dutech et al. 2005; Austerlitz et al. 2007 ). More recently, anisotropic analyses revealed that SGS in wind-pollinated and wind-dispersed Azorella selago (Apiaceae) was weakest along an axis closely aligned with the direction of prevailing winds (Born et al. 2012) , validating the utility of these techniques for detecting meaningful directional biases in dispersal. However, underlying mechanisms may remain obscured in the absence of strong associations with putative causal factors, and a persistent challenge lies in more rigorously discerning the extent to which other landscape features might shape or leave directional signatures on SGS.
Landscape genetic approaches offer powerful tools for explicitly quantifying the effects of landscape features on spatial genetic variation (Holderegger and Wagner 2008; Balkenhol et al. 2009 ), but have been relatively underutilized in the study of plant systems Storfer et al. 2010) . As the discipline has progressed and matured over the past decade, several guiding principles have emerged for building landscape genetic analyses. First, it has been shown that multivariate approaches provide more robust landscape genetic inferences (Balkenhol et al. 2009 ), encouraging analyses that consider multiple landscape features or processes. Methodological studies have also demonstrated the importance of including scaleappropriate historical hypotheses in landscape genetic analyses (Dyer et al. 2010) . Accounting for factors such as IBD in landscape genetic models should thus improve analytical power by disentangling historical processes from contemporary landscape effects (Balkenhol et al. 2009; Guillot et al. 2009; Dyer et al. 2010; Wagner and Fortin 2013) . Lastly, simulation work has shown that different analytical techniques may lead to divergent or inaccurate conclusions, suggesting that multiple, nonredundant statistical methods should be employed to clarify and bolster landscape genetic inferences (Balkenhol et al. 2009 ).
Here, we adopt this multifaceted approach to dissect fine-scale SGS in the animal-pollinated, gravity-dispersed grassland herb Oenothera harringtonii (Onagraceae). This species presents an interesting case study for plant dispersal, as it is pollinated by hawkmoths that facilitate long-distance pollen movement (Stockhouse 1973 (Stockhouse , 1976 Skogen et al. in prep.) while its seeds are gravity-dispersed, suggesting that seed movement may be both spatially restricted and influenced by local topography. Our primary goals were to characterize SGS within a natural population of O. harringtonii, evaluate potential directional asymmetry in observed SGS, and determine the extent to which local topographic heterogeneity shapes fine-scale SGS and possibly contributes to directional biases in dispersal. Specifically, we combine a series of spatial autocorrelation analyses and landscape genetic models to explore the following hypotheses: 1) finescale SGS in O. harringtonii is readily detectable but relatively weak owing to presumed differences in the spatial extent of pollen and seed movement and 2) patterns of SGS exhibit directional trends consistent with local topographic variation.
Methods

Study Species and Sampling
The Arkansas Valley evening primrose, Oenothera harringtonii W. L. Wagner, Stockh. & W. M. Klein (Onagraceae), is an annual, self-incompatible herb endemic to the grasslands of south-central and southeastern Colorado. It is pollinated primarily by hawkmoths (Sphingidae: Hyles lineata and Manduca quinquemaculata) but its flowers are also visited by a number of solitary bees from the families Apidae and Halictidae (Skogen KA, unpublished data) . Flowering occurs from late April through early June, after which capsules mature and dehisce during July and August. Seeds are thought to be primarily gravity-dispersed (Wagner et al. 1985) .
This study was conducted in the Comanche National Grasslands near La Junta, CO, USA (37.758, . The study site encompassed approximately 300 ha and is distinguished by prominent shale ridges that feed into a series of drainages in the depression they circumscribe, creating the effect of a natural amphitheater (Figure 1 ). Exhaustive surveys conducted over the course of 3 days in May 2012 located 315 reproductive individuals (Figure 2) , from which leaf tissue was collected and dried with silica gel. All individuals were georeferenced to a precision of ~10 cm using a Trimble GeoXH 2005 (Trimble Navigation Ltd, Sunnyvale, CA, USA) and mapped using ArcMap 10 (ESRI Inc., Redlands, CA, USA).
DNA Extraction and Genotyping
Genomic DNA was isolated from ~1 cm 2 of silica-preserved leaf tissue following a modified cetyltrimethylammonium bromide (CTAB) protocol (Doyle and Doyle 1987) . All individuals were then assayed at 11 microsatellite loci described for O. harringtonii (Skogen et al. 2012) . Microsatellite regions were amplified in a 10-μL PCR reaction containing 5 μL 2× MyTaq Mix (Bioline, Taunton, MA, USA), 3.375 μL DNAgrade H 2 O, 1 μL genomic DNA, 0.25 μL of each primer, and 0.125 μL 2× BSA. Primers were labeled with WellRed D2, D3, or D4 fluorescent dye (Sigma-Aldrich, St Louis, MO, USA). Initial denaturation was set at 95 °C for 2 min, and was followed by 30 cycles of 95 °C for 50 s, 56 °C for 1 min, 72 °C for 1 min, ending with a final extension at 72 °C for 10 min. PCR products were scored using a CEQ 8000 Genetic Analysis System with GenomeLab 400 internal size standard (Beckman Coulter Inc., Brea, CA, USA), and fragment lengths were manually verified. In keeping with data archiving guidelines (Baker 2013) , we have deposited these data in Dryad. Genetic variation was assessed by estimating the number of alleles per locus (A), effective number of alleles per locus (A e ), expected (H e ) and observed (H o ) heterozygosity, and inbreeding (F IS ) using GenAlEx 6.4 (Peakall and Smouse 2006) .
Isotropic SGS
We first analyzed genotypes using isotropic spatial autocorrelation. Pairwise kinship coefficients (f ij ) were estimated for all individuals following Loiselle et al. (1995) , as this method is less biased in the presence of low-frequency alleles (Vekemans and Hardy 2004) . To visualize SGS, average kinship coefficients were calculated for a set of distance intervals (0-1, 1-5, 5-10, 10-25, 25-100, 100-500, 500-1500 and 1500-3223 m) and plotted against geographic distance. The strength of SGS was then evaluated by regressing pairwise kinship coefficients on pairwise geographic distances (r ij ) and estimating the slope of the resulting relationship (b log ). Under IBD in 2-dimensional space, theory predicts that kinship will decrease approximately linearly with the natural logarithm of geographic distance (Rousset 1997; Hardy and Vekemans 1999; Rousset 2000) ; this approach therefore characterizes SGS under the assumption that it results solely from IBD (Fenster et al. 2003) . The kinship-distance regression slope was then translated into a single metric that quantifies the strength of SGS, defined as
where F (1) is the average kinship coefficient between individuals in the first distance interval (Vekemans and Hardy 2004) . Confidence intervals for average kinship coefficients were obtained by jackknifing data over loci and were approximated as plus/minus twice the standard error of the mean. Statistical significance of kinship coefficients and the regression slope was determined with 10 000 permutations of individuals' spatial locations. All isotropic SGS analyses were conducted using SPAGeDi 1.3 (Hardy and Vekemans 2002) .
Anisotropic Dispersal
We evaluated directional patterns in SGS with an anisotropic bearing analysis (Falsetti and Sokal 1993; Rosenberg 2000) . This analysis was limited to a subset of individuals at the study site (n = 192) that are distributed in a less linear fashion and thus better conform to the requirements of this test (Figure 2 ). Further, by limiting the analysis to these individuals, we isolate a single major drainage feature and hence simplify the interpretation of test results in relation to landscape context. Bearing analysis determines the direction of strongest correlation between a data distance matrix (K) and a geographic distance matrix (D). In this study, K consists of pairwise kinship coefficients (f ij ) and D consists of log-transformed pairwise geographic distances (ln(r ij )), after Born et al. (2012) . D was then converted into 36 new matrices (D 0 , D 5 , D 10 … D 175 ) with the following transformation:
where d ij is the ijth element of matrix D θ , r ij is the ijth element of matrix D, θ is a given fixed bearing (θ = 0°, 5°, 10° … 175°) and α ij is the angular bearing of points i and j, with θ = 0° representing the positive x axis (due east) and θ = 90° representing the positive y axis (due north). In effect, this transformation weights each entry in the geographic distance matrix by its alignment with a particular test direction (Rosenberg and Anderson 2011; Born et al. 2012) . Correlations between K and each D θ were evaluated with Mantel tests (Mantel 1967) , and statistical significance of correlations was determined through standard Mantel permutation tests with 1000 permutations. In this analytical framework, the bearing with the strongest positive correlation (θ MAX ) reflects the axis of maximum dispersal, and is expected to be approximately perpendicular to the bearing with the strongest negative correlation (θ MIN ), which represents the axis along which dispersal is most restricted. The bearing analysis was conducted using PASSaGE 2.0.11.6 (Rosenberg and Anderson 2011).
Landscape Genetic Analysis
We then explored the influence of local landscape features with landscape genetic models. These analyses were restricted to the same set of individuals included in the bearing analysis for purposes of continuity and because these individuals encompass the full range of topographic heterogeneity at our study site. We considered 2 landscape processes hypothesized to shape SGS in this portion of the study site: isolation by distance and isolation by topography. Isolation by distance was quantified as the natural logarithm of the geographic distance between all pairs of individuals. Isolation by topography was quantified using 3 distinct landscape variables: aspect, elevation and slope. Raster values corresponding to the coordinates of each plant were extracted from geospatial data layers resolved to ~30 m 2 . Pairwise difference matrices for each landscape variable were then generated using R package ecodist (Goslee and Urban 2007) . In the resulting matrices, pairwise entries are treated as cost "distances" defined as the absolute difference of a particular landscape attribute between 2 points. By defining the landscape matrices in this manner, we assume that the likelihood of dispersal varies proportionally with the magnitude of landscape heterogeneity between sampling locations (Dyer et al. 2010; Wagner and Fortin 2013) .
Relationships between pairwise kinship and landscape variables were modeled using a multiple regression on distance matrices (MRDM) approach (Legendre et al. 1994) . MRDM offers increased statistical power and lower error rates than alternative approaches (Balkenhol et al. 2009 ) and provides a convenient method for comparing the relative importance of different explanatory variables (Lichstein 2007 ) and disentangling historical and contemporary processes (Dyer et al. 2010) . In this framework, pairwise distance matrices are included as terms in a linear model, here:
where K is a pairwise matrix of relative kinship coefficients (f ij ), D is a pairwise matrix of log-transformed geographic distances (ln(r ij )), and A, E and S are pairwise difference matrices for aspect (a ij ), elevation (e ij ) and slope (s ij ), respectively. We developed models for 2 scenarios: one in which the influence of distance and topography were considered simultaneously and another in which IBD was partitioned from the response prior to fitting models with topographic variables. In the first scenario, we specified a global model containing terms for both geographic distance and topography, as listed above. In the second scenario, we began by modeling kinship coefficients solely as a function of geographic distance. The residual variation of this model was then used as the response variable in models containing topographic predictors (cf. Dyer et al. 2010) , taking the form:
where K|D denotes kinship coefficients conditioned on geographic distance. All predictor matrices were standardized to mean zero and unit variance so that the regression coefficients of model terms could be directly compared. As MRDM assumes a linear relationship between variables, predictors were examined for potential multicollinearity prior to model estimation. Pearson correlation coefficients ranged from 0.20 to 0.48 for 5 of the 6 pairs of predictor matrices, but elevation and slope were more strongly correlated (Mantel r = 0.89), suggesting that parameter estimates in models containing these terms may be unreliable. To ensure that multicollinearity did not confound model estimation, the variance inflation factor (vif) of predictor terms were estimated at each step of model selection using R package car (Fox and Weisberg 2011) . We considered vif ≥ 10 indicative of problems associated with correlated predictors (Dyer et al. 2010) . Statistical significance of predictor terms and model fit were determined with 10 000 permutations of the response matrix, and terms that did not contribute significantly to model fit were removed via a backward elimination procedure with a Bonferroni-corrected removal threshold of α = [0.05/ number of predictors at the given step] ( Legendre et al. 1994 ). All MRDM modeling was performed with R package ecodist.
Results
Genetic Variation
All microsatellite loci were highly polymorphic, with the number of alleles per locus ranging from 7 to 38 (Table 1) . Genetic diversity among loci was variable but consistently high, with expected heterozygosities ranging from 0.420 to 0.957. Significant departures from Hardy-Weinberg equilibrium were observed for 7 of the 11 markers, all in the direction of heterozygote deficiency. However, inbreeding across loci was low, with average F IS = 0.044 (Table 1) .
Spatial Genetic Structure
Isotropic SGS analysis showed that kinship decreases with the natural logarithm of geographic distance in a pattern consistent with IBD ( Figure 3 ). Kinship coefficients decrease approximately linearly over the first 4 distance classes (1-25 m) and continue to decrease over the last 4 distance classes (100-3223 m), though less drastically so. Kinship coefficients were significantly positive at the first 4 distance classes (0-1 m, 1-5 m, 5-10 m, 10-25 m; P < 0.0001) and significantly negative at the last distance class (1500-3223 m; P < 0.0001). The kinship-distance regression slope was significantly negative (b log ± SE = −0.0037 ± 0.0004; P < 0.0001) but explained little of the variance in inter-individual relatedness (multilocus R 2 = 0.009) and indicates that observed SGS is relatively weak (Sp = 0.00374).
Bearing analysis showed that the strength of spatial autocorrelation followed a periodic function against compass bearing in a pattern consistent with anisotropic dispersal, in this case favoring a general northeast-southwest orientation (θ MAX = 55°; Figure 3 ). Correlations between K and D matrices were significantly negative between θ = 0° and θ = 40°, with the strength of the negative relationship steadily decreasing within this range before becoming nonsignificant between θ = 45° and θ = 70°. Bearing correlations were again significantly negative between θ = 75° and θ = 175°, with the strength of the negative relationship steadily increasing until θ = 145°, then steadily weakening until θ = 175°. Consistent with expectations, θ MAX and θ MIN were perpendicular (θ MIN = 145°).
Landscape Genetic Analysis
MRDM modeling revealed significant effects of topographic features on inter-individual relatedness. Starting with a saturated model containing predictor terms for both distance and topography, the minimum adequate model was highly significant (F = 75.46, P = 0.0001, R 2 = 0.008) and retained terms for geographic distance and elevation after backwards elimination of insignificant predictors (Table 2) . Variance inflation factors did not exceed 5.1 at any step of model estimation and were 1.3 in the final model, suggesting that model selection was not heavily influenced by correlations between predictor terms. Geographic distance had the largest standardized effect in the final model (β D = −0.0066) and was ~68% more important than elevation (β E = 0.0021) in describing inter-individual relatedness.
Consistent with the population-wide SGS analysis, geographic distance alone was a significant predictor of relatedness for the 192 individuals included in landscape genetic models (F = 136.1, P = 0.0001, R 2 = 0.007). The residual variation from this model was then used as the response in models limited to landscape predictors, thereby isolating the a ns = not significant. *P < 0.05, **P < 0.01, ***P < 0.001.
influence of topographic features after accounting for geographic distance (Dyer et al. 2010) . Using the same backward elimination procedure, the minimum adequate model was again highly significant (F = 7.83, P = 0.0008, R 2 = 0.0009), although less so than the unconditioned model. In keeping with the unconditioned model, the minimum adequate conditioned model retained the elevation term, and also retained the aspect term after backwards elimination (Table 2) . Variance inflation factors in the conditioned model were similarly low and did not suggest any problems owing to multicollinearity. Elevation had the largest effect in the final conditioned model (β E = 0.0019) and was ~42% more important than aspect (β A = −0.0011) in describing inter-individual relatedness conditioned on geographic distance.
Discussion
To our knowledge, this is the first study to directly link finescale topographic variation to inter-individual relatedness in a plant population. We found strong support for our first hypothesis, as autocorrelation analyses revealed a clear but weak pattern of SGS at our study site. Moreover, observed SGS was driven primarily by IBD, indicating that dispersal in O. harringtonii is spatially limited to some degree. The bearing analysis lent similar support to our second hypothesis, as SGS varied in strength along different bearings, indicating that dispersal in this system is also strongly influenced by anisotropic processes. Most importantly, our landscape genetic models confirmed the significance of local topographic heterogeneity as a determinant of observed spatial genetic variation, suggesting that site-specific landscape features may play an important role in shaping microevolutionary dynamics in plants. Collectively, these results suggest that pollen and seed dispersal in O. harringtonii operate on contrasting spatial scales and underscore the importance of considering how the factors governing each dispersal vector interact and contribute to broader spatial genetic patterns.
Spatial Genetic Structure
Isotropic spatial autocorrelation analyses revealed a clear pattern of IBD in our study population, indicating some degree of spatially restricted dispersal in O. harringtonii. While SGS at our study site was apparent, it was quite weak as estimated by Sp. Indeed, the observed value of Sp = 0.00374 is lower than any published value for plant species with life histories similar to that of O. harringtonii (Table 3 ). The juxtaposition of detectable but exceedingly weak SGS is intriguing and likely reflects several aspects of the biology and autecology of this species, particularly as they concern the relative dispersion of pollen and seed. In general, fine-scale SGS should accumulate under restricted seed dispersal because full and half sibs will be spatially aggregated on the landscape (Dyer 2007) . Considering that seed dispersal in O. harringtonii is gravity mediated, seeds are unlikely to move far away from source plants, which likely drives the formation of localized pedigree structures and accounts for the general pattern of SGS observed in our study population.
However, it appears that other processes act to simultaneously weaken SGS in this system, and we propose 2 mechanisms by which a stronger signal of IBD might be prevented. First, while individual plants may produce dozens of flowers throughout the growing season, individual flowers are ephemeral, lasting just 14-18 h (Wagner et al. 1985; Skogen KA, unpublished data) . Thus, over the course of an entire season, different flowers produced by a given plant likely sample a variety of pollen pools owing to daily variation in populationwide flowering phenology, which may increase season-wide mate diversity and dampen SGS (cf. Zeng et al. 2012; Ison et al. 2014) . More generally, SGS should become progressively weaker with increasingly homogeneous pollen dispersal across the landscape (Bizoux et al. 2009; Krauss et al. 2009 ). As O. harringtonii is pollinated by hawkmoths that are known to visit numerous flowers during foraging bouts (Raguso and Willis 2003) and move pollen over greater distances than other floral visitors (Stockhouse 1973 (Stockhouse , 1976 Rhodes et al. in prep.) , we suspect that pollen is dispersed much more evenly throughout our study site than seed and that this partially explains the weak SGS observed here. Second, the relatively patchy distribution of individuals in our study population results in areas characterized by high conspecific density, particularly on the slopes that circumscribe the site (Figure 2 ). This is expected to increase the overlap of maternal seed dispersal shadows, which should homogenize the genetic composition of seed pools and further reduce the strength of SGS (Hamrick and Trapnell 2011) . Taken together, our results suggest that variation in flowering phenology, pollinator foraging patterns and other factors affecting recruitment and maternal reproductive output interact to structure genetic variation in this system. However, data from chloroplast markers would be needed to more clearly infer the relative rates of pollen and seed dispersal in our system (e.g. Ennos 1994; Hamilton and Miller 2002) and their contributions to SGS.
Anisotropic Dispersal and Topographic Heterogeneity
Bearing analysis showed that SGS at our study site is strongly influenced by anisotropic processes, which is consistent Table 2 Backward elimination procedure for landscape genetic models using multiple regression on distance matrices
Step 1
Step 2 Step 3 Predictor with local topographic heterogeneity. The axis of maximum dispersal was situated along a general northeast-southwest bearing (θ MAX = 55°), which coincides with the general orientation of the primary drainage feature in this portion of the study site (Figure 2 ). The observed directional pattern thus offers tentative support for an influence of local topography on dispersal processes in this system. This result is consistent with previous work in that significant anisotropy was detected, but the mechanisms proposed to underlie these results differ. Anisotropic SGS in A. selago was attributed to prevailing winds and was found to be independent of slope orientation (Born et al. 2012) , whereas the directional pattern in our study is more consistent with increased dispersal along prominent slopes or a major drainage. Although topography has been invoked to explain patterns of fine-scale SGS in previous studies of plants (Oshawa et al. 2007; He et al. 2013 ), these links remain tenuous and highlight a general challenge of autocorrelation techniques in that they may not permit direct connections to causal factors. In cases where multiple drivers could leave the same directional signature, anisotropic autocorrelation analyses should be interpreted with caution or augmented with more rigorous modeling techniques. In this study, the qualitative association suggested by the bearing analysis was strongly supported by landscape genetic models, which verified the importance of local topographic heterogeneity as an additional determinant of SGS at this site. While IBD still had the most pronounced effect in these models, we found a significant role for elevational differences as a driver of observed genetic patterns, in this case indicating a positive relationship between changes in elevation and pairwise relatedness. The influence of topography was further clarified by conditioning the response on geographic distance, which identified aspect as another significant predictor of relatedness, specifically showing a negative relationship with the response. Collectively, these models describe an intuitive pattern of dispersal in which propagules seemingly move farther along steeper slopes of similar aspect, or more generally, up or down hills with less lateral movement. This pattern is compatible with the directional bias revealed in the bearing analysis, as it describes the mechanism by which a drainage feature would be most likely to generate a detectable genetic pattern. We therefore contend that directionally asymmetric SGS in this system is underlain by local topographic heterogeneity, but acknowledge that our analysis still lacks an explicit quantitative link between the observed anisotropic pattern and landscape features. Regardless, our study provides the first concrete demonstration that site-specific topography can shape fine-scale SGS in plants.
Dispersal in O. harringtonii
In plants, dispersal is accomplished through the movement of pollen and seed. While the models in our study cannot distinguish between these dispersal vectors, it seems more probable that a topographic effect in this landscape would be manifested by shaping seed movement, especially considering the passive nature of seed dispersal in O. harringtonii. This view is further supported by seasonal weather patterns. Our study site is situated in a part of Colorado subject to the North American Monsoon, which drives pronounced increases in rainfall throughout the southwestern United States during July and August (Adams and Comrie 1997; Diem et al. 2012 ). This timing coincides nearly perfectly with fruit maturation and dehiscence in O. harringtonii (Skogen KA, unpublished data) . Considering the topographic variables that remained significant in our landscape genetic models along with the small size and buoyancy of O. harringtonii seeds (MK Rhodes, personal observation), seasonal monsoon rains may aid seed movement in a way that would render topography an important mediator of dispersal processes and give rise to the observed genetic patterns. Hydrochory, or passive movement by water, has long been recognized as a pervasive mechanism of plant dispersal, and has been implicated as a driver of general spatial pattern within many plant populations (Nilsson et al. 2010) . Moreover, recent work has shown that variation in hydrological conditions driven by subtle topographic heterogeneity may influence dispersal dynamics and consequent SGS in plants (Listl and Reisch 2012) . It thus seems plausible that similar forces may operate in O. harringtonii. If so, our study offers a glimpse into how the complex interplay between life history and environmental context shapes the distribution of genetic variation across natural landscapes.
Conclusions
This work demonstrates the utility of combining multiple complementary approaches in the study of plant dispersal processes. We found that both IBD and anisotropic processes structure genetic variation within this population of O. harringtonii. Further, we found that local topographic heterogeneity also drove observed patterns of SGS, suggesting that landscape features may shape microevolutionary processes at much finer spatial scales than typically considered. This finding cautions against the dismissal of site-specific environmental details when considering dispersal or genetic processes operating within plant populations, and illustrates how the incorporation of fine-grained variation into landscape genetic models can yield more nuanced insights into plant dispersal dynamics. While the specific mechanisms by which local topographic variation affects particular dispersal vectors warrant further attention, this study establishes an important point of departure for future work on the causes and consequences of fine-scale SGS in O. harringtonii and other plant species growing in topographically heterogeneous environments.
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